Fundamental Aspects of Mechanical Dehydrogenation of Li- Based Complex Hydride Nanocomposites and Their Self-Discharge at Low Temperatures  by Varin, Robert A. et al.
 Energy Procedia  29 ( 2012 )  644 – 653 
1876-6102 © 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Canadian Hydrogen and Fuel Cell Association.
doi: 10.1016/j.egypro.2012.09.074 
World Hydrogen Energy Conference 2012 
Fundamental aspects of mechanical dehydrogenation of Li-
based complex hydride nanocomposites and their self-
discharge at low temperatures 
Robert A. Varina, Roozbeh Parviza, Les Zbronieca, Zbigniew S. Wronskia,b 
aDepartment of Mechanical and Mechatronics Engineering, University of Waterloo, 200 University Ave.W., Waterloo, Ontario 
N2L 3G1, Canada 
bCanmetENERGY, Natural Resources Canada, Ottawa, 1 Haanel Drive, Ontario K1A 1M1, Canada  
Abstract 
Large quantities of hydrogen (H2) are released at ambient temperatures as a result of mechanical dehydrogenation 
during ball milling of complex hydride composites such as (LiAlH4+5 wt.% nanometric Fe), (nLiAlH4+LiNH2; n=1, 
3, 11.5, 30), (nLiAlH4+MnCl2; n=1, 3, 8, 13, 30, 63) and (LiNH2+nMgH2; n=0.5-2.0). For both the (nLiAlH4+LiNH2) 
and (LiAlH4+5 wt.% nanometric Fe) composites the second constituent strongly destabilizes LiAlH4 during milling 
by different mechanisms. For (nLiAlH4+MnCl2) two concurrent mechanisms are observed:  (i) a reaction between 
both constituents during ball milling leading to the formation of LiCl, amorphous Mn and H2, and (ii) a catalytic-like 
induced decomposition of LiAlH4 into Li3AlH6, Al and H2. For the (LiNH2+nMgH2; n=0.5-2.0) composite system, the 
pathway of hydride reactions depends on the molar ratio n and total milling energy consumed during ball milling. 
Some composite systems slowly self-discharge H2 at room temperature (RT), 40 and 80°C, after ball milling with an 
additive. Technical parameters such as specific energy-usable are estimated for LiAlH4-based complex hydride 
composite systems and are compared with both US DOE hydrogen powered car targets and Li-ion batteries 
benchmarks.     
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1. Introduction 
An important obstacle to the implementation of the Hydrogen Economy is safe and efficient storage of 
hydrogen, particularly for mobile/automotive applications where hydrogen gas will be supplied to fuel 
cells that, in turn, will power a variety of transport vehicles in a clean, inexpensive, safe and efficient 
manner [1]. Efficient hydrogen storage is the most challenging for basic research and a key factor in 
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enabling the full success of the Hydrogen Economy. Gaseous and liquid hydrogen storage techniques 
have been known for quite a long time but they have a number of serious drawbacks, such as relatively 
low volumetric densities, substantial energy losses occurring during pressurizing and liquefaction and 
serious safety issues. Nevertheless, high pressure (70 MPa) gaseous H2 storage will, most likely, be a 
short-term interim option for the automotive/transportation sector. For stationary, portable and off-road 
mobile applications as well as for long-term automotive applications, a general consensus has emerged 
that a better option is solid state hydrogen storage in hydrides and their composite systems. One constraint 
on the solid state H2 storage arises from the Proton Exchange Membrane fuel cell (PEM FC) stack that 
requires that the hydrogen storage material must desorb H2 under pressure of at least 1 bar and exhibit 
desorption temperature at that pressure not exceeding about 100qC.   
In our laboratories we have been investigating complex hydrides and their composites based on a very 
light metal Li that also contain other light metals and non-metals. Because of the presence of light 
elements the composites exhibit high theoretical H2 capacities and are capable of desorbing large 
quantities of H2 under 1 bar pressure at reasonably low temperatures. A number of these complex 
hydrides is synthesized by ball milling as nanocomposites having reduced both the particles as well as 
crystallites (grains) residing within the powder particles and having a very intimate contact between 
hydride phases present in the microstructure. In some of the composite systems various reaction paths can 
occur during milling.  
This paper presents and discusses results of our recent studies on fundamental mechanical and thermal 
phenomena such as mechanical dehydrogenation during ball milling and long-term H2 self-discharge of 
ball milled nanocomposites during long-term storage at low temperatures.   
2. Experimental 
Hydride powders such as LiAlH4 (97% purity), LiNH2 (purity 95%), MgH2 (purity 98%) and MnCl2 
(purity 99.99%) were mixed into the following hydride molar ratios: (1) (nLiAlH4+LiNH2; n=1, 3, 11.5 
and 30), (2) (nLiAlH4+MnCl2; n=1, 3, 8, 13, 30 and 63), (3) (LiNH2+nMgH2; n=0.5, 0.7, 1.0, 2.0). The 
mixtures with various ball-to-powder weight ratios (R) were subsequently nano-composited by controlled 
ball milling for pre-determined time durations in the magneto-mill Uni-Ball-Mill 5 under high and low 
milling energy modes [2]. IMP68 is a high impact energy mode with two very strong Nd-Fe-B magnets at 
6/8 and 6/7 o’clock positions, respectively, and 4 steel balls in the milling vial. LES6 is a low energy 
shearing mode with one magnet at 6 o’clock and 2, 3 and 4 steel balls (2, 3 and 4B). The pressure of high 
purity H2 (purity 99.999%: O2< 2 ppm; H2O< 3 ppm; CO2< 1 ppm; N2< 6 ppm; CO< 1 ppm; THC< 1 
ppm) in the vial was kept constant at ~ 600 kPa during the entire milling process. Ball milling was carried 
out under continuous cooling of the milling vial by an air fan. The release of H2 during ball milling was 
estimated from the pressure increase in the milling vial measured by a pressure gage using an ideal gas 
law [2] and expressed in wt. % with respect to the total weight of powder sample. The powder samples 
were handled in a glove box always containing a moisture removing Drierite granulated compound. In 
order to minimize any possible contamination by moisture or oxygen from air, the glove box was purged a 
few times and then filled with high purity argon (Ar) gas (99.999% purity) before handling samples. X-
ray diffraction (XRD) was used for the phase identification before and after ball milling. The XRD 
analysis was performed on a Bruker D8 diffractometer using a monochromated CuKĮ1 radiation 
(Ȝ=0.15406 nm) produced at an accelerating voltage of 40 kV and a current of 30 mA. The scan range was 
from 2ș=10° to 90° and the rate was 1.2° min-1 with a step size of 0.02°. Powder was loaded into a home-
made environmental brass holder with a Cu/glass plate for powder support in a glove box filled with high 
purity Ar gas (99.999%). Upper and lower part of the environmental holder is sealed through a soft-rubber 
O-ring and tightened using threaded steel bolts with nuts. The upper part of the holder contains a Kapton 
polymeric tape window transmittable to X-rays. For the long-term storage experiments at room 
temperature (RT; 21qC), 40 and 80qC the ball milled nanocomposites were stored under 1 bar pressure of 
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high purity Ar in a tightly sealed glass vial at a prescribed temperature. A small quantity of powder was 
extracted from a vial in a glove box filled up with high purity Ar after a predetermined number of storage 
days. Subsequently, the extracted powder sample was loaded in a glove box into a reactor chamber of our 
Sieverts-type apparatus. After evacuating and purging a reactor few times with high purity H2, the final 
pressure of 1 bar H2 was kept and the powder samples were fully dehydrogenated at pre-selected 
temperature. A hydrogen desorption curve was registered until full saturation was reached. The Fourier 
Transform Infrared spectroscopy (FT-IR) measurements were performed with a Bruker Tensor 27 at a 
room temperature in the range of wavenumber 4000-400 cm-1 to characterize the LiNH2, LiH, Mg(NH2)2, 
Li2Mg(NH)2 and MgNH hydride phases in the (LiNH2-MgH2) system. The powder were ground with KBr 
and pressed into pellets. All the samples were prepared and handled into the apparatus through a purged 
box of high purity argon. More experimental details can be found in a number of recently published 
papers [3-8]. 
3. Results and discussion 
3.1. Mechanical dehydrogenation  
Very recently, we have observed a very peculiar phenomenon namely that a synthesis of a few hydride 
nanocomposites systems by ball milling results in profound H2 release in due course of ball milling [2-8]. 
So far, this phenomenon of mechanical dehydrogenation has never been reported in detail in the literature. 
Fig. 1a shows the quantity of H2 desorbed as a function of milling time for the (LiAlH4+5 wt.% n-Fe) 
system (n-Fe is a nanometric Fe additive [7]) ball milled under high and low energy of milling. It is clear 
that low energy ball milling does not result in H2 release as opposed to high energy ball milling which can 
mechanically dehydrogenate up to 3.5 wt.% after 5h of milling (Fig. 1a). Fig. 1b, c shows the mechanical 
dehydrogenation phenomenon for the (nLiAlH4+MnCl2) system. In this system the greatest quantity of H2 
desorbed is observed for the molar ratio n= 3 (Fig. 1c). Fig. 2a, b shows the mechanical dehydrogenation 
for the (nLiAlH4+LiNH2) system as a function of molar ratio n and milling time for n=1, respectively. Fig. 
2c shows mechanical dehydrogenation for the system (LiNH2+nMgH2) where n=0.5 and 0.7. In this 
system about 4 wt.% H2 can be desorbed mechanically up to 50h of milling duration.    
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) The quantity of H2 desorbed during ball milling (BM) of (LiAlH4+5 wt.% n-Fe) under a high impact energy (IMP68) 
mode (repeated twice: solid circles and triangles [7]) and a low shearing energy (LES6) mode as a function of milling time; (b) the 
quantity of H2 desorbed during ball milling (BM) under IMP68-R132 of the (nLiAlH4+MnCl2) nanocomposite as a function of molar 
ratio n (shown by numbers) and (c) the quantity of H2 desorbed for n=3 in (nLiAlH4+MnCl2) as a function of milling time (adapted 
from [4]).  
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Fig. 2. (a) The quantity of H2 desorbed during ball milling for the (nLiAlH4+LiNH2) system as a function of the molar ratio n (the 
numbers show the corresponding values of n)(4B- four balls in the milling vial, ball-to-powder weight ratio R=132) and (b) the 
quantity of desorbed H2 as a function of milling time (numbers show milling time) for the nanocomposite (1LiAlH4+LiNH2)(n=1), 
the IMP68 milling mode and the ball-to-powder weight ratio R132 (adapted from [8]). (c) The quantity of H2 desorbed during ball 
milling for the (LiNH2+nMgH2) system where n=0.5 and 0.7.   
Although these four nanocomposite systems exhibit the same mechanical dehydrogenation 
phenomenon, the mechanisms responsible for their peculiar behavior seem to be rather dissimilar. It has 
been reported in [7] that for (LiAlH4+5 wt.% n-Fe), the Fe ions from an Fe nanometric additive dissolve 
gradually in the LiAlH4 lattice creating a substantial lattice expansion up to 1%. This lattice expansion is 
responsible for its destabilization. In contrast, for a nanometric Ni (n-Ni) additive the observed lattice 
expansion of LiAlH4 ball milled under the same milling energy as the n-Fe additive, is much smaller [7]. 
This is puzzling since one would expect enhanced diffusion of the Ni2+ ions whose ionic radius is smaller 
than that of the Fe2+ ion [9]. However, a typical substitutional solid solution seems to be difficult to form 
as diffusivity of metal atoms/ions in an ionic-covalent lattice of inorganic compounds is expected to be 
rather low. It was proposed in [10] that an efficient incorporation of metal ions in an ionic-covalent lattice 
may be driven by chemical reactions with oxide forming on the additive metal nanoparticles [10], instead 
of the metal itself. If so, the n-Fe that comes with much higher content of surface oxide (15 wt. % as 
shown in [7]) than nanonickel (n-Ni) [10], can be more efficient in enhancing the dehydrogenation 
reaction during ball milling. Since the iron oxide associated with n-Fe is Fe3O4 [7] which, in essence is a 
partly reduced form of Fe2O3 such as Fe2+O• Fe3+2O3, the following reaction sequence can be postulated: 
(1+2x)LiAl3+H4+xFe2+O•Fe3+2O3oLiAl3+Fe3+xH4+{2xFe2+O+2xLiOH +(1+2x)AlH3}                (1a) 
LiAl3+Fe3+xH4l1/3 Li3AlFexH6+2/3Al(Fex)+H2                                           (1b) 
Li3AlFexH6l3LiH+Al(Fex)+3/2H2                                                                      (1c) 
 In reaction (1a) the additive is metal oxide Fe3O4. A fraction of ions in Fe3O4 exhibit valence Fe3+ the 
same as the valence of Al3+. The ionic radius of Fe+3 is smaller than that of Fe2+ (63 pm vs. 77pm [9]) and 
the charge is the same as Al. So, the substitution of Fe3+ for Al3+ (53 pm [9]) in the LiAlH4 alanate lattice 
sites is more favorable.  Both the substituted LiAlFexH4 and Li3AlFexH6 may be easier to dehydrogenate 
through (1b) and (1c). 
     Similar reactions can be postulated for the formation of the solution of Ni ions in the LiAlH4 lattice: 
(1+x)LiAl3+H4+xNi2+OoLiAl3+Ni2+xH4+{xLiOH +xAlH3}                                                           (2a) 
LiAl3+Ni2+xH4l1/3 Li3AlNixH6+2/3Al(Nix)+H2                                                                             (2b) 
Li3AlNixH6l3LiH+Al(Nix)+3/2 H2                                                                                                (2c)
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Since the surface content of Ni2+O is very small on nanometric Ni [9] then the quantities of a solid 
solution of Ni in Al (i.e. Al(Nix)) will be rather small. The quantities of similar solid solution Al(Fex) in 
reactions (1b) and (1c) could be more pronounced due to a larger content of surface Fe3O4 on the n-Fe 
particles. One can also notice that Ni2+ solute ions exhibit different valence/charge than the Al3+ ions they 
substitute. Substitution of aliovalent ions in crystalline lattice of inorganic compounds frequently leads to 
formation of vacancy defects. Therefore, instead of forming of a solid solution the aliovalent Ni/Fe 
substitution may also form vacancies that may/may not additionally destabilize LiAlH4 lattice enhancing 
dehydrogenation. 
     For the ball milled (nLiAlH4+MnCl2) system, the XRD patterns in Fig. 3a show that the following 
reactions occurred during ball milling depending on the molar ratio n:  
 
 
 
 
 
 
 
 
Fig. 3. (a) XRD patterns for the (nLiAlH4+MnCl2) system where n=1, 3, 13 and 30 ball milled for 30 min under IMP68-high energy 
impact mode with R132-ball-to-powder weight ratio. (b) XRD patterns for the (1LiAlH4+LiNH2)(n=1) system after milling for 30 
min, 1 h and 3 h. IMP68 milling mode and a R132 ball-to-powder weight ratio (adapted from [7]). For both patterns the ICDD file 
numbers for phase identification are shown. 
for the equimolar ratio n=1: LiAlH4+MnCl2o0.5Li2MnCl4+0.5Mn+Al+2H2                                     (3a) 
for nt2:                                nLiAlH4+MnCl2o(n-2)LiAlH4+2LiCl+2Al+Mn+4H2                            (3b) 
                                             LiAlH4o1/3Li3AlH6+2/3Al+H2                                                              (3c) 
As can be seen all reactions are associated with the release of H2. For the equimolar ratio n=1 in addition 
to Al and Mn an inverse cubic spinel phase, Li2MnCl4, appears in the structure. This spinel has been 
extensively studied for its ionic conductivity as a potential solid electrolyte for lithium-ion batteries [11-
13]. Also, the weak peaks of LiCl can be discerned in Fig. 3a for n=1 which points towards a parallel 
secondary reaction (3b) which could also occur in this system but to a rather small extent. For nt2 there 
are two parallel reactions (3b) and (3c) occurring during ball milling. In reaction (3b) the LiAlH4 matrix 
reacts with the MnCl2 additive forming Al, Mn and a LiCl salt. In reaction (3c) the remaining LiAlH4 
decomposes to Li3AlH6 in a well-known reaction [2]. Most likely reaction (3c) is catalyzed by the 
presence of the nanosized Mn metal formed in reaction (3b). However, taking into account that the 
diffraction peaks of Li3AlH6 in Fig. 3a for n=3, 11 and 30 are weak, it seems that reaction (3c) is rather 
secondary.  
Figure 3b shows the XRD patterns for the (1LiAlH4+LiNH2)(n=1) system after ball milling for 30 min, 
1 and 3h. Apparently, LiNH2 accelerates decomposition of LiAlH4 during milling only for the equimolar 
n=1 nanocomposite system. It is apparent from Fig. 2a that an increase of the molar ratio n to 3 
dramatically reduces the quantity of desorbed H2 which for n=11.5 is reduced to zero. Unfortunately, the 
detailed physical mechanism how LiNH2 acts in this particular system as a catalyst is unclear.  
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Figure 4a shows the XRD patterns for the (LiNH2+nMgH2) system having ratio n=0.5 and 0.7, ball 
milled for 50h after release of about 4 wt.%H2 as shown in Fig. 2c. Fig. 4b shows the Fourier Transform 
Infrared spectroscopy (FT-IR) patterns for (LiNH2+0.5MgH2) as a function of milling time. Both, the 
XRD and FT-IR patterns indicate clearly that the following reactions occurred during milling:  
for n=0.5-0.9:   
LiNH2+nMgH2o0.5Mg(NH2)2+1.0LiH+(n-0.5)MgH2                                                                       (4a) 
0.5Mg(NH2)2+1.0LiH+[(n-0.5)MgH2]l0.5Li2Mg(NH)2+[(n-0.5)MgH2]+1.0H2                              (4b) 
For nt1 another reaction has been identified [6]: 
0.5Mg(NH2)2+0.5MgH2+(n-1)MgH2+1.0LiHo1.0MgNH+(n-1)MgH2+1.0LiH+1.0H2                    (4c) 
As shown recently, in the (LiNH2+nMgH2)(n=0.5 to 2.0) system the occurrence of reactions (4a-c) 
depends on the total energy of milling and molar ratio n [14].  
It must be pointed out that the mechanical dehydrogenation phenomenon, if it is left unaccounted for 
in one of the hydride composite systems discussed above, will lead to grossly underestimated results of 
subsequent H2 thermal desorption which, in turn, could lead to erroneous interpretation of the desorption 
phenomena/reaction paths.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) XRD patterns for the (LiNH2+nMgH2) system where n=0.5 and 0.7, ball milled for 50h under the high energy mode 
IMP68-4B-R132 (the ICDD file numbers for phase identification are shown).  (b) The Fourier Transform Infrared spectroscopy (FT-
IR) patterns for the (LiNH2+0.5MgH2) system ball milled for 21, 25 and 50h.  
3.2. Self-discharge during long-term storage  
Systems such as (LiAlH4+5 wt.% n-Fe/n-Ni), (LiAlH4+5 wt.%MnCl2) and the borohydride Mn(BH4)2, 
the latter synthesized from a mixture (nLiBH4+MnCl2)[15-20], slowly self-discharge relatively large 
quantities of H2 during a long-term storage after being processed/synthesized by ball milling. Fig. 5a 
shows that, by comparison, ball milled LiAlH4 is very stable and does not self-discharge H2 during a long-
term storage. In contrast, ball milled (LiAlH4+5 wt.% n-Fe/n-Ni) gradually self-discharges at room 
temperature (RT), 40 and 80qC (Fig. 5b, c, d). As shown by the XRD patterns for a nanocomposite after 
20 days of storage at RT and 40qC in Fig. 5e, LiAlH4 gradually decomposes to Li3AlH6 and Al according 
to reaction (3c) releasing H2. Apparently, this long-term decomposition is induced by the presence of 
strong nanometallic catalysts such as n-Ni and n-Fe.  
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     Fig. 6a, b, c show the quantities of H2 desorbed at elevated temperatures after storage for prescribed 
time at RT, 40 and 80qC, respectively, for the ball milled (LiAlH4+5 wt.% MnCl2) nanocomposite system. 
After 22 days of storage the system with MnCl2 self-discharged a6.5 wt.% H2 (Fig. 6c) as compared to 
a5.5 wt.% H2 for the system with n-Ni/n-Fe (Fig. 5d). The XRD pattern in Fig. 6d after 1 day of storage 
shows very clear diffraction peaks of Li3AlH6 that indicate that reaction (3c) whose theoretical capacity is 
5.3 wt.% H2 [2] took place during storage. However, because the MnCl2 system self-discharged a6.5 wt.% 
which exceeds the theoretical capacity of reaction (3c) then second decomposition reaction for LiAlH4 
must have occurred during storage which has the following form [2]: 
1/3Li3AlH6oLiH+1/3Al+0.5H2                                                                                                         (5) 
The theoretical H2 capacity of this reaction is 2.6 wt.% [2]. The peaks of LiOH and LiOHxH2O are 
observed in Fig. 6d which, most likely, are due to the hydrolysis of the fraction of LiH occurred during 
sample handling.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) The quantities of hydrogen desorbed at elevated temperatures vs. storage time in days (1 day=24h) for (a) ball milled  
LiAlH4; stored at room temperature (RT) under Ar; subsequently desorbed at 140qC. (b) (LiAlH4+5 wt.% n-Fe/n-Ni) compared with 
the data for the 5 wt.% n-Ni additive extracted from [3]: stored at room temperature (RT) under Ar; subsequently desorbed at 250qC 
for n-Fe and 140qC for n-Ni, (c) (LiAlH4+5 wt.% n-Fe/n-Ni) stored at 40qC under Ar; subsequently desorbed at 250qC for n-Fe and 
170qC for n-Ni, (d) (LiAlH4+5 wt.% n-Fe/n-Ni) stored at 80qC under Ar; subsequently desorbed at 250qC for n-Fe and 170qC for n-
Ni. All desorptions carried out in 1 bar H2 pressure. All powders ball milled before long-term storage as reported in [7]. (e) XRD 
patterns of the (LiAlH4+5 wt.% n-Fe) mixture ball milled under the low energy milling mode (LES6-4B) for 15 min and 
subsequently stored for 20 days under Ar at room temperature (RT) and 40qC (adapted from [7]). ICDD file numbers for peak 
identification are shown.  
Interestingly, the weak peaks of Li3AlH6 are still discernible in Fig. 6d after 22 days of storage. It suggests 
that before reaction (3c) was completed reaction (5) was initiated which means that both reactions were 
occurring in parallel. However, there is no evidence of reaction (3b) in Fig. 6d (i.e. the peaks of LiCl) 
which means that there is no evidence of the presence of nano Mn as a catalyzing agent for such a rapid 
self-discharge in Fig. 6c at 80qwith the MnCl2 additive. 

¾
z
z
¾
z
z
¾
¾¾
¾
¾¾
¾
¾
¾
¾
zS
S
S
¾
¾
¾
¾
z
¾¾¾ z
z
¾¾
z¾¾
¾
¾
¾¾
z
¾
z¾
zz
¾
¾
¾¾
z
z
z
zz
zzz
¾ zzzz
zzz
{
{
¸
{
¸
{
{
¸
{{
¸
{
¸
¾ LiAlH4       (12-0473)/(73-0461)
z  Li3AlH6     (27-0282) 
 ¸ Fe              (06-0696) 
{ Al               (85-1327) 
 S LiCl           (04-0664) 
40qC-20 days 
RT-20 days
(5 wt.% n-Fe) 
e) 
0
1
2
3
4
5
6
7
8
0 10 20 30 40 50 60
H
yd
ro
ge
n 
de
so
rb
ed
 (
w
t.
%
)
Time at RT (days)
LiAlH4 
a) 
0
1
2
3
4
5
6
7
8
9
0 10 20 30 40 50 60 70 80
Time at RT (days)
Hy
dr
og
en
 d
es
or
be
d 
(w
t.%
)
b) 
z n-Fe 
Ⴃ n-Fe 
¡ n-Ni 
0
1
2
3
4
5
6
7
8
9
0 10 20 30 40 50 60 70 80
H
yd
ro
ge
n 
de
so
rb
ed
 (
w
t.%
)
Time at 40°C (days)
a4.5 wt.%H2 
c)
0
1
2
3
4
5
6
7
8
0 10 20 30 40 50 60 70 80
Time at 800C (days)
H
yd
ro
ge
n 
de
so
rb
ed
 (w
t.%
)
a5.5 wt.%H2  
d)
 Robert A. Varin et al. /  Energy Procedia  29 ( 2012 )  644 – 653 651
 
 
 
 
 
 
Fig. 6. (a) The quantities of hydrogen desorbed at 170qC after long term storage of the ball milled (LiAlH4+5 wt.% MnCl2) mixture 
at (a) room temperature (RT), (b) 40qC and (c) 80qC (adapted from [5]). (d) The XRD patterns after 1 day and 22 days of storage of 
the ball milled mixture at 80qC. ICDD file numbers for peak identification are shown. 
 
Figures 7a, b show that the H2 self-discharge phenomenon during long-term storage is also observed for 
manganese borohydride, Mn(BH4)2, synthesized from the (LiBH4-MnCl2) mixture [15-20]. However, the 
rate of self- discharge in this case is much lower than that for the LiAlH4 catalyzed with n-Ni/n-Fe and 
MnCl2. The presence of the Mn diffraction peak in Fig. 7c suggests that Mn(BH4)2 decomposes during a 
long-term storage according to a simple reaction:  
Mn(BH4)2o Mn+2B+4H2                                                                                                                    (6) 
The phenomenon of H2 self-discharge during long-term storage has two aspects. One is purely 
scientific and clearly requires that the properties of LiAlH4 with these additives must be investigated 
immediately after completion of ball milling because a longer storage may lead to erroneous results as the 
compound would be partially desorbed. The other is practical. Sandrock et al. [21, 22] pointed out the 
practical significance of such a behavior for long-duration, low-demand devices that use H2 such as low-
power remote fuel cells or portable gas analyzers. These materials can also be used in a number of 
chemical processes where a continuously reducing atmosphere is needed for a completion of the process. 
They can also have an application in a military sector for long-term cartridges supplying hydrogen to 
portable devices for soldiers on a mission [7]. 
 
 
 
 
 
 
 
 
Fig. 7. The quantities of hydrogen desorbed at 140qC in 1 bar H2 pressure after long term storage of (3LiBH4+MnCl2) 
nanocomposite (the microstructure consists of (Mn(BH4)2+2LiCl+LiBH4), ball milled with the 5 wt.% n-Ni additive (specific surface 
area SSA=60.5 m2/g) at (a) room temperature (RT) and (b) 40°C; storage in a glass vial under high purity Ar. (c) The XRD patterns 
of the ball milled ((Mn(BH4)2+2LiCl+LiBH4)+5 wt.% n-Ni) after long term storage for 95 days at 40qC [20]. ICDD file numbers for 
peak identification are shown. 
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Table 1. Hydrogen flow and energy from hydride storage medium of ball milled LiAlH4 with 5% n-Ni, n-Fe or MnCl2 catalytic 
additives. 
H2 flow-
gravimetric 
Specific energy-
usable
Catalytic 
additive
(5 wt.%) 
T (qC) Capacity
(gH2/kg) 
Storable 
H2 volume
(SL/kg) 
Full flow rate 
(SL/min/kg) 
(gH2/s/kg) 
[g/s/kWh]
(kWh/kg) 
[kWh/L] 
n-Ni (18 m2/g) 100 52 583 16.6 0.025 [0.02] 1.66 [1.1] 
n-Ni (9.5 m2/g) 100 44 493 10.7 0.016 [0.01] 1.07 [0.7] 
n-Ni (9.5 m2/g) 80 46 515 0.18 0 (10-4) 0.02 
n-Ni (9.5 m2/g) 40 33 370 0.04 0 (10-5) 0 (10-3) 
n-Fe (25 m2/g) 100 47 526 9.57 0.014 [0.01] 0.96 [0.6] 
n-Fe (25 m2/g) 80 54 605 0.14 0 (10-4) 0.01 
n-Fe (25 m2/g) 40 34 381 0.38 0 (10-5) 0 (10-3) 
MnCl2 100 38 426 2.85 0 (10-3) 0.28 
2015 DOE 
target [23] 
85 55 - - [0.02] 1.8 [1.3] 
Li-ion battery 
(typical) [24] 
 0.09 
Li-ion battery 
(record) [25] 
 0.4 
Note: Specific Surface Area in m2/g is shown for the n-Ni/n-Fe additives; SL-standard liter of H2 gas; L-liter of LiAlH4 hydride 
(density 0.917 g/cm3, http://en.wikipedia.org/wiki/Lithium_aluminium_hydride). 
 
3.3. Technical aspects 
 
Table 1 shows hydrogen flow and energy from hydride storage medium for selected LiAlH4-based 
systems [3, 4, 7] which are compared to the DOE 2015 automotive targets and Li-ion batteries. The DOE 
targets are for the entire storage system which means that the storage material must have, roughly, twice 
as much of usable energy as the DOE targets. LiAlH4 with n-Ni at 100qC has roughly half of required 
usable energy for the storage material. At 100qC LiAlH4 with n-Ni/n-Fe and MnCl2 has even better 
specific usable energy than a typical Li-ion battery. However, the comparison temperature of 100qC is 
still slightly higher than that generated by a PEM fuel cell stack. Apparently, these storage materials are 
not suitable for automotive applications but could be competitive to Li-ion batteries if a further reduction 
of dehydrogenation temperature to more usable range of 40-70qC would be implemented. Furthermore, it 
should be mentioned that the main driver towards better kinetics in the most promising LiAlH4 ternary 
complex hydride, notwithstanding the use of a catalyst, is a good heat transfer to the active mass. This is 
perhaps the single overlooked area that deserves better attention to be given from both materials scientists 
and system designers.   
 
4. Conclusions 
       
Four hydride composite systems, namely, (LiAlH4+5 wt.% n-Ni/n-Fe), (nLiAlH4+MnCl2), 
(1LiAlH4+LiNH2) and (LiNH2+nMgH2)(n=0.5-2.0) release large quantities of H2 during high energy ball 
milling. Three ball milled hydride composite systems, namely, (LiAlH4+5 wt.% n-Ni/n-Fe), (LiAlH4+5 
wt.% MnCl2) and (Mn(BH4)2) (the latter synthesized from (LiBH4+nMnCl2)) self-discharge large 
quantities of hydrogen during long-term storage at temperatures from room temperature (RT) to 80qC. 
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The usable specific energy (kWh/kg) at 100qC of the (LiAlH4+5 wt.% n-Ni/n-Fe/MnCl2) hydride 
composite systems compare favorably to that for typical Li-ion batteries.   
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